Extrasynaptic GABA A receptor, GABARex; THDOC, (3α, 21-dihydroxy-5α-pregnan-
Electrophysiological recordings. Currents were recorded in cell-attached or inside-out patches using an Axopatch 200B (Molecular Devices) at depolarized 40 mV (pipette potential -40 mV) relative to the chloride reversal potential, filtered at 2 or 5 kHz, digitized at 10 kHz using a DigiData 1322A analogue-to-digital converter interfaced with a computer and analyzed by pClamp software (Molecular Devices). Pipettes were made from borosilicate glass and fire polished. They generally had a resistance between 10 and 20 MΩ when filled with the pipette solution. Conventional patch-clamp techniques were used when establishing a gigaohm seal in slices. Recordings were mostly done in the cell-attached patch-clamp configuration since in this configuration channels are in contact with an unaltered intracellular environment in terms of ions, cellular/protein modulatory mechanisms and architecture. Experiments were done at room temperature (20 -22 ºC) .
Data analysis and statistics. Channel conductance was calculated by dividing the current amplitude by the difference between the pipette potential (Vp, generally -40 mV) and the chloride reversal potential. The channel currents both in cell-attached and inside-out patch configurations reversed at Vp ~ 0 mV. This is to be expected not only for the excised patches where the chloride concentration across the patch is almost symmetrical but also for the cell-attached patches as the chloride reversal potential is close to the reversal membrane potential of the cells (Ben-Ari, 2002) . In experiments where choline was the main cation in the pipette solution we did not correct for the small (-2.6 mV) liquid junction potential generated. Outward currents across the membrane (inward chloride movement) are shown as positive, upward currents and inward currents are shown as negative, downward currents. The amplitude of currents was measured either from all-points amplitude probability histograms with a bin width of 0.1 pA or from direct measurements of the amplitude of individual currents with similar outcome. The mean current was measured as the average of the deviations of all data points from zero (the midline of the baseline current). Concentration-conductance data were fitted using a Hill-type equation: γ = γ max * [GABA] h 
Results

GABA activates three types of GABARex channels.
We recorded GABARex single-channel currents in intact neurons using the cellattached patch configuration. This ensures that factors and intracellular proteins that might normally interact with the receptors are present during our recordings (Birnir et al., 2001; Everitt et al., 2004) . Three distinct types of channels (I, II and III) were activated as determined by maximal conductance at 1 to 100 µM GABA.
Representative currents activated by 1 µM GABA are shown in Fig. 1A and 30 s allpoints histograms in Fig. 1B . The maximal single-channel current amplitudes were 2.4
pA (60 pS) of GABARex I (Fig. 1Aa ), 3.0 pA (75 pS) of GABARex II ( Fig. 1Ab ) and 1.7 pA (43 pS) of GABARex III (Fig. 1Ac ). The average current-amplitudes determined from the all-points histograms ( The GABA concentration sets the GABARex channel conductance.
The maximal current amplitude of the channels was related to the GABA concentration applied. We activated channels with 0.5 nM to 100 µM GABA at the pipette potential of (27 ± 12 nM, 61 ± 3 pS, n = 70) and GABARex III (43 ± 19 nM, 40 ± 3 pS, n = 42).
The Hill coefficient for GABARex I, II and III were 0.5 ± 0.1, 0.4 ± 0.1 and 0.6 ± 0.2.
When in the presence of 1 µM diazepam, GABARex I channel current was modulated but not those of GABARex II (n = 23) or GABARex III (n = 23). The EC 50 of GABARex I for GABA was now 2 ± 0.4 nM (n = 27) comparable to that of GABARex II but the γ max (59 ± 2 pS) and the Hill coefficient (0.5 ± 0.1) did not change.
The GABARex channels are activated after a delay from the GABA application.
One of the features of the GABARex channels is the delay in activation upon GABA application. The channels did not open immediately after forming the patch but rather after a delay (latency) often lasting tens to hundreds of seconds. The concentrationdependent maximal conductance also often developed over additional tens of seconds and this is exemplified in Fig. 3A by activation of a GABARex II channel by 1 µM GABA. The initial conductance was 45 pS but within 30 s, it increased to 78 pS. The conductance did not increase further over the next 5 min the patch was held in the cellattached configuration. We examined if the latency of activation of the concentrationdependent maximal channel conductance differed between GABARex I, II and III (Fig.   3B ). Apart from channels activated by 2 nM GABA, GABARex I channels, on the average, were maximally conducting within the first 100 s from the GABA application whereas both GABARex II and III took longer time to develop the maximal conductance.
GABARex channels generate tonic conductance 9
The three GABARex channels are differentially modulated by drugs. Most GABA A receptors in the CNS contain alpha (α 1 -α 6 ) and beta (β 1 -β 3 ) subunits with the third subunit type often being the γ 2 or the δ subunit in the pentameric receptor (Barnard et al., 1998; Sigerhart & Sperk, 2002; Korpi & Sinkkonen, 2005 ). An extensive characterization of GABA A receptors of known subunit composition has been carried out using molecular pharmacological tools (Korpi et al., 2002) . subunit is not expressed in the dentate gyrus granule cells (Korpi et al., 2002) . One µM flumazenil only enhances currents in receptors containing α 4 (or α 6 ) with the γ 2 subunit (Whittemore et al., 1996) and receptors containing the δ rather than the γ subunit show stronger GABA-modulatory effect of neurosteroids (Belelli and Lambert, 2005) . In dentate gyrus granule cells, Stell et al. (2005) showed that tonic currents from wild-type but not δ -/-mice were modulated by 10 -100 nM of the neurosteroid THDOC. We used 50 nM THDOC to examine if the δ subunit might be present in the receptors.
GABARex channels were first activated by 20 nM GABA (Fig. 4) . Channels were activated in cell-attached patches and after about 4 to 5 min when the channel had attained its maximal concentration-dependent conductance, the patch was made insideout. We have shown previously that when lipid-soluble drugs are added to the intracellular side of the patch they do reach their site of action (Eghbali et al., 1997) .
Since 20 nM GABA is a sub-saturating concentration, modulation of the channels should be recorded, if it takes place. Fig. 4 shows 20 nM GABA-activated currents after the patches had been made inside-out (A) and then after the addition of a drug (B, zolpidem (a), flumazenil (b) or THDOC (c)). The all-points histograms are from 30-s current traces from the patches shown. In Fig. 4C the average responses to the drugs are shown. The conductance is expressed relative to the 20 nM GABA-evoked maximal channel conductance in the cell-attached patch before it was ripped-off to obtain the inside-out configuration. Each of the three drugs had GABARex type-specific effects.
200 nM zolpidem increased the single-channel current amplitude of GABARex I by 1.6 (Fig. 4Aa , Ba, Ca) and 50 nM THDOC increased that of GABARex III by 2.4 ( Fig.   4Ac , Bc, Cc) whereas 1 µM flumazenil had only a slight effect (1.2) on the current amplitude of GABARex II but appeared to affect the kinetics of the channel (Fig. 4Ab, Bb, Cb).
The mean channel conductance is a function of the single-channel conductance
and the open probability of the channel. It is therefore a good measure of a change in channel kinetics that may happen upon drug exposure. We measured the mean conductance in 10-s current traces before and after exposure to drugs (Fig. 4D) . 200 nM zolpidem similarly increased the mean and the single-channel conductance of GABARex I (γ 1.6, γ mean 1.6). For 1 µM flumazenil and 50 nM THDOC the effects were larger on the mean conductance as compared to the single-channel conductance in GABARex II (γ 1.2, γ mean 1.5) and GABARex III (γ 2.4, γ mean 5.2), respectively, demonstrating an increase in the open probability of the channel in addition to the effect on the channel conductance in the presence of the drugs.
Discussion
Although interest in tonic neuronal inhibition has increased in recent years we still know relatively little about the channels generating the tonic currents in various neuronal populations. Here we report that in the dentate gyrus granule neurons there are at least three types of GABARex channels that differ in their maximal conductance, latency of activation, sensitivity to drugs and apparent affinity for GABA. The very high apparent affinity for GABA (4 -40 nM) and a saturated response at about 1 µM GABA makes these receptors sensitive to the extracellular GABA concentration within the relevant physiological range (Lerma et al., 1986; Tossmann et al., 1986) . In this respect we have previously reported differences in response to GABA between receptors recorded in cell-attached patches and outside-out patches (see Birnir et al., 2001 ) and shown that co-expression of the intracellular protein GABARAP with GABA A receptor subunits changes the conductance properties of the receptors (Everitt et al., 2004) . The nanomolar affinity of the receptors for GABA we measured in this study may be related to the receptors being recorded in intact neurons where they are in contact with intracellular structures, proteins and milieu required to sensitize the receptors to GABA.
The number of conductance levels recorded for GABARex I, II and III is greater than the normally accepted number of binding sites (2) for the GABA A receptors and the number of subunits (5) that make up the receptors (Barnard et al., 1998; Farrant & Nusser, 2005 ). An explanation for our results that does not require a large number of binding sites is related to Koshland's "induced-fit" hypothesis (Yankeelov & Koshland, 1965) . In a pentameric receptor, occupation of a binding site by GABA might induce moulding of the receptor protein around the ligand. The moulding would be related to the GABA concentration and governed by the occupancy of GABA at the ligandbinding site. The GABA concentration-dependent conformational changes at the binding site might then be transmitted through the protein and drive the progressive changes in the ion conduction pathway resulting in the recorded graded conduction.
That a ligand-binding core can adopt a range of conformations that are related to discrete conductance states of the ion channel was recently shown for the ionotropic glutamate receptors (Jin et al., 2003) . Another possible explanation is e.g. that closely clustered channels may be able to open cooperatively. The "single-channel" currents would then contain contributions from a number of coupled pentameric channels (Eghbali et al., 1997; Everitt et al., 2004) .
The GABARex channels did not open immediately when GABA was applied. In the light of the different roles the tonic (extrasynaptic) and the phasic (synaptic)
GABAergic inhibition are proposed to have in neuronal and network function (Semyanov et al., 2004 ) the latency of activation of GABARex channels is perhaps not as surprising as it initially appears to be. It ensures that these receptors are not activated in a random fashion since the local, extracellular GABA concentration has to be maintained for a relatively long time (e.g., tens to hundreds of seconds compared to the ms time-scale of synaptic transmission) in order to evoke the extrasynaptic, tonic conductance. What determines the local extracellular GABA concentration is not clear but release from astrocytes, reverse co-transport and spill-over from synapses have all been indicated in contributing to the GABA concentration in the extracellular space (Brickley et al., 1996; Liu et al., 2000; Wu et al., 2003) .
The pharmacological profile of the GABARex channels is consistent with the following minimal subunit composition of GABARex I α 1 βγ 2 , GABARex II α 4 βγ 2 and GABARex channels generate tonic conductance 13 GABARex III αβδ ( Fig. 2 and 4 ) but does not rule out that other subunit compositions might have these properties. Data from tonic current measurements or immunogold labelling have located α 4 -and δ-containing receptors extrasynaptically in dentate gyrus granule neurons (Mody, 2004) whereas α 1 -containing receptors have been located extrasynaptically both in hippocampal interneurons (Semyanov et al., 2004) and dentate gyrus granule cells (Nusser et al., 1995) . Benzodiazepine-sensitive tonic and singlechannel currents indicate extrasynaptic γ 2 -containing receptors and have been reported both in the hippocampal interneurons and the CA1 pyramidal neurons (Lindquist et al., 2003; Semyanov et al., 2004 , Caraiscos et al., 2004 .
We have shown that extrasynaptic GABA A receptors can effectively sense and respond to the low GABA concentrations present in the extracellular fluid of the brain.
The response is graded and develops over seconds. The high nanomolar affinity for GABA and the dynamic channel conductance make the GABARex channels ideal components of an efficient tonic inhibitory system. 
